Abstract A growing body of evidence from across taxa suggests that exposure to elevated levels of glucocorticoids during early development can have long-term effects upon physiological and behavioral phenotypes. Additionally, there is some, though limited, evidence that similar early exposure can also negatively impact cognitive ability. Following pioneering mammalian studies, several avian studies have revealed that the responsiveness of the hypothalamo-pituitary-adrenal (HPA) axis as an adult can be explained by levels of corticosterone, the avian glucocorticoid, the individual experienced as a nestling or even as an embryo via yolk exposure. Studies also suggest that perinatal exposure to corticosterone can have effects upon avian 'personalities' or coping styles, and findings from mammalian studies suggest that these long-term effects are mediated epigenetically via altered expression of relevant DNA sequences. Although a consistent pattern across-species has yet to emerge, recent work in Florida scrub-jays Aphelocoma coerulescens found that baseline corticosterone levels in 11-day-old nestlings explained 84% of the variation in 'personality' (bold vs. timid) when those individuals were tested approximately seven months later. Nestlings with elevated corticosterone levels were more timid than those individuals that as nestlings experienced relatively low corticosterone levels. Some researchers have suggested that parents might use such mechanisms to 'program' their offsprings' phenotype to best fit prevailing environmental conditions. This review will visit what is known about the links between stressful developmental conditions that result in exposure to elevated corticosterone and the short-and long-term effects of this steroid hormone upon central nervous system function and whether alterations thereof are beneficial, deleterious, or neutral. It will concentrate on examples from birds, although critical supporting studies from the mammalian literature will be included as appropriate [Current Zoology 57 (4): 514-530, 2011].
Introduction
The questions of whether and how hormones mediate behaviors have long intrigued scientists from Berthold (1849) , who is credited with the first endocrine experiment, through today. The foundation for the area of study that has come to be known as behavioral endocrinology can be traced to the seminal Phoenix et al. (1959) paper. This study showed that female guinea pigs exposed to relatively low doses of testosterone as developing embryos and then treated with testosterone as adults exhibited masculinized sexual behaviors, whereas control females did not. This study and associated research (e.g., Young et al., 1961) served as the cornerstone of the organizational-activational hypothesis which posited that early exposure to hormones during development acted to permanently organize both neural and non-neural tissues that would then respond to hormonal secretion later in life to activate appropriate sex-specific behaviors.
Despite the well documented organizational and activational affects of sex steroid hormones, glucocorticoids (e. g., the adrenal steroid hormones, corticosterone and cortisol, which are sometimes referred to as 'stress' hormones) have received less attention in this context. It wasn't until a series of experiments in 1970s and 1980s in which pregnant rats were exposed to stressors, that attention turned towards the developmental or organizational role of glucocorticoids. For example, Ward (1972) showed that as adults, the male offspring of rat dams that had undergone restraint stress while pregnant exhibited demasculinization and feminization of sexual behaviors (i.e., decreased mounting and increased lordotic responses). A study conducted by another laboratory group around this time utilized a similar protocol and found feminization, but no demasculinization of male sexual behaviors (Dahlöf et al., 1977) . A more direct method of manipulating fetal exposure to glucocorticoids, injection of rat dams with hydrocortisone during gestation, also resulted in demasculinized male offspring (Dahlöf et al., 1978) . Subsequent research suggested that the phenotypic change in males that resulted from prenatal glucocorticoid exposure was due to a shift in the timing of the testosterone peak that in controls occurred at about 18 days after conception. Ward and Weisz (1980) postulate their findings were due to "a desynchronization between CNS (central nervous system) maturation and patterns of testosterone secretion by the testes during fetal life." In addition to having profound effects upon fetal sex steroid hormone exposure, the various stress protocols employed in these studies also induced a rise in levels of corticosterone (CORT) in both mothers and fetuses (Ward and Weisz, 1984) . When considered together, these results (and the results of numerous related studies) show that early exposure to CORT can play a critical role in the determination of the adult phenotype. While it is possible that CORT in these cases acted to organize the neural substrates associated with male reproductive behavior, it is more likely that CORT during differentiation interfered with the secretion patterns (or the organizational activity) of sex steroid hormones, thereby leading to the altered sexual behaviors (Dahlöf et al., 1978) . Regardless of the mechanism by which CORT influences the organization of the CNS, from these early studies has arisen a tremendous interest in the effects of exposure to CORT during developmental.
Particularly active areas of research within the developmental stress community focus on the long-term impacts of developmental stress on: 1) the function of the hypothalamic-pituitary-adrenal (HPA) axis; 2) the individual variance in behaviors that reflects an individual's personality (some prefer alternate terms to personality, such as bold vs. shy, proactive vs. reactive, behavioral phenotype, or behavioral syndromes; we will use personality throughout); and 3) various measures of fitness, such as reproductive output or survival to various life stages. To date, studies have primarily used rodent models, and the timing and type of stress (or glucocorticoid administration) within the developmental period often differs from study to study. Therefore, it is imperative that any methodological differences be considered when interpreting results (see reviews in Francis and Meaney, 1999; Bakker et al., 2001) . Generally, prenatal stress in rats results in offspring that as adults exhibit increased HPA axis responsiveness to stressful stimuli and decreased numbers of hippocampal glucocorticoid and mineralocorticoid receptors (GR and MR; see review in Sapolsky et al., 2000 for a discussion of the different roles and affinities of these receptor types), although results vary considerably between studies (Henry et al., 1994) . The administration of exogenous CORT to pregnant females produces similar results and, irrespective of whether pregnant dams are treated with CORT or exposed to stressful stimuli, CORT levels are invariably elevated in mothers and fetuses (reviewed in Kapoor et al., 2006) . Thus, the effects of prenatal stress are mediated to some degree directly through the actions of glucocorticoids upon the central nervous system of the developing animal.
Given that there is almost always some degree of development that takes place following parturition, post-natal stress can also play a role in the determination of HPA axis function. As an example, upon return to the nest following handling by researchers, neonatal rat pups receive increased levels of maternal grooming and licking, as well as 'arched-back nursing' that facilitates the pups' access. Liu et al. (1997) found that pups so treated were characterized by dampened stress responsiveness (i. e., lower adrenocorticotropin, ACTH, and CORT levels in response to restraint stress) at adulthood, although there were no differences in basal hormone levels. The researchers found further evidence of what they termed 'maternal programming' in the treatment animals as indicated by 1) lower expression of corticotropin-releasing hormone (or 'factor' -CRH or CRF) mRNA in the paraventricular nucleus of the hypothalamus (PVN) and 2) greater hippocampal expression of GR mRNA. However, these maternal effects upon offspring HPA axis physiology cannot overcome the effects of long-term separation from the mother as pups so treated were characterized by elevated stress responsiveness as adults (Plotsky and Meaney, 1993) , decreased GR density, or both (Henry et al., 1994) . These results appear to be due to alterations in central CRH and glucocorticoid receptor systems. Of particular importance to this area of research are more recent findings that variation in maternal care may induce changes in DNA and histone methylation, thus representing an epigenetic effect which can lead to transmission of aspects of parental behavior to future generations (Weaver et al., 2006) .
While there is considerable information about the impact of developmental conditions on formation of the phenotype in mammalian models, far less is known about such relationships in avian systems, although re-cent work from several labs makes this an intriguing emerging area of research. Avian systems present a unique opportunity to investigate such relationships as there is an enormous amount of variation in life histories. The purpose of this review is to consider what we have learned from avian studies that have examined the relationships between developmental conditions and CORT secretion, as well as their life-long effects on individuals' physiological and behavioral phenotypes. We will elaborate on the multiple types of stressors that nestlings or chicks might experience that can induce release of CORT, as well as consider the ways in which CORT exposure during development may act. We will then discuss the ways in which early CORT exposure shapes the adult phenotype, with special consideration given to fitness effects and the possibility that corticosterone secretion is a stable trait subject to natural selection.
The Hypothalamic-Pituitary-Adrenal Axis
Before delving into the literature on avian developmental stress, it is important to define several of the terms we will be using throughout this review. For example, the use of the word 'stress' has been both helpful and frustrating for those in the field who wish to study the concept. The field of stress physiology can be traced to Selye (1950) , who formulated the 'general adaptation syndrome' to describe how animals cope with stressful events of differing intensities and duration. While this paradigm is helpful in understanding how animals react to adverse conditions, a universally agreed upon definition of 'stress' remains elusive. Recently, efforts have been made to reduce the ambiguity of the term by defining stress as any stimulus or event (internal or external) which disturbs homeostasis and requires an immediate response that has an energetic expense (see Sterling and Eyer, 1989; McEwen and Wingfield, 2003; Romero et al., 2009) .The foundation of this framework and the nomenclature are still being remodeled to better incorporate the many ways in which an organism may experience and interpret stress, but it is now widely accepted that stress can encompass a wide variety of physical, psychological, social, and physiological stimuli.
In response to the perception of a stimulus that disrupts homeostasis, a number of physiological events occur. Stressful stimuli are integrated at the level of the brain and result in complimentary responses at two levels, the first of which is a neural response. Within seconds, epinephrine and norepinephrine (primarily the former) are released from modified neural tissue that comprises the adrenal medulla; norepinephrine is also released from neurons of the sympathetic nervous system. The second level response is the classic HPA axis endocrine cascade that originates with hypothalamic release of CRH, followed by anterior pituitary release of ACTH that induces adrenal cortical release of glucocorticoids. This response is not 'instantaneous' as GC increases are detectable within the blood stream only after two to three minutes. Although this time-course may not hold for all taxa, it is typical for the avian species that have been examined (see Romero and Romero, 2002; Romero and Reed, 2005; Schoech et al., 1991) . The glucocorticoid we will primarily reference in this review is corticosterone (CORT), the primary glucocorticoid of birds, as well as reptiles, amphibians, and some rodents. Cortisol is the GC in the majority of mammals, including humans, as well as fish. The process of CORT secretion in response to a stressor is commonly referred to as a 'stress response,' whereas baseline levels, which are necessary for a variety of maintenance functions, are those that occur under non-stressful conditions (see Sapolsky et al., 2000; Romero, 2004) . The stress response in its totality (i.e., adrenal cortical and medullary secretions) is critical in facilitating an organism's 'fight-or-flight' response. First, gluconeogenesis is up-regulated at the level of the liver, thereby ensuring the ready availability of energy (glucose) to fuel immediate action. Additionally, elevated CORT levels play a role in the initiation of a number of behaviors that complement the above physiologic action, most notably enhanced vigilance, memory, and escape behaviors and, under prolonged activation, abandonment of reproduction (reviewed in Romero and Butler, 2007) . All of these effects serve to allow maximal response to the stressor with immediate survival as the goal. While up-regulation of the HPA axis in response to a perturbation is adaptive, when CORT levels remain elevated for an extended period of time, as in the case of chronic stress, a number of adverse effects can occur. These include, but are not limited to, immune system impairment, cognitive deficits, reproductive dysfunction, disease, and eventually death.
Developmental Stress
Developmental stress is a rather ambiguous, allencompassing term and can thus be somewhat nebulous. In general terms, developmental stress can be defined as any perturbation that negatively affects any aspect of the development of an animal, although most usage as-sumes some involvement of the HPA axis. To minimize confusion and ambiguity, throughout the remainder of this review the term developmental stress will explicitly refer to stimuli experienced during development that act to increase exposure of the developing organism to glucocorticoids. It is also important to restate that in most organisms the developmental period is not restricted to the time spent in utero or in ovo as, to varying degrees among taxa, developing systems are often susceptible to the effects of glucocorticoids well beyond birth. Perturbations that can act as stressors may arise as a result of any number of social or physical factors in the environment. For example, variance in parental behaviors, nutritional state, sibling interactions, weather, and parasites are all factors that can cause differential GC exposure of developing young. In humans, pregnant women under psychological and emotional stress give birth to underweight young (e.g., Diego et al., 2006) . Research on this topic with rodent models frequently uses restraint on pregnant dams as a mechanism to 'stress' fetuses, presumably through an increase in maternal CORT secretion that then passes to the fetus (Dahlöf et al., 1978) . Post-natal stress paradigms in rodent models commonly utilize separation from the mother to induce psychological stress in the offspring. While such protocols with captive animals have been immensely useful for assessing the effects of adverse conditions during development upon multiple end points, they may frequently create a situation that would rarely if ever occur naturally. Further, the scope of the GC response to such manipulations may greatly exceed that what a free-living animal would experience under all but the most extreme conditions. What has to some degree been missing from this general area of study has been examination of such phenomena in free-living animals that often experience highly variable environment conditions. Our lab group has long been interested in the relationships between animals, specifically birds, and their environment and how this interplay affects their physiologic state and, in turn, reproductive biology. We would argue that for a few reasons, avian systems offer a unique opportunity to assess the importance of developmental conditions on offspring physiology and behavior. First, the majority of species of birds are day-active and their behaviors, such as flight and song, make them relatively conspicuous. Similarly, many species have accessible nests that facilitate studies of nesting biology, and specifically, nestling growth and physiology. Lastly, the class Aves encompasses a marked variety of developmental modes (i. e., the altricial -precocial developmental spectrum; for review see Starck and Ricklefs, 1998) . Altricial young, for example, are featherless, blind, and unable to adequately thermoregulate at hatching and, as such, are totally dependent upon their parents. Indeed, biparental care, the norm in altricial species, is thought to have co-evolved with altriciality. In contrast, precocial young hatch with feathers and are largely able to care for themselves shortly thereafter. As Starck and Ricklefs (1998) point out, species at the precocial end of the spectrum often are characterized by mating systems that reflect a relative lack of need for biparental care (e. g., lekking species). By definition, therefore, altricial species undergo substantial development after hatching during which time they can be expected to be vulnerable to developmental stress while in the nest. For the purposes of this review, we focus on the effects of CORT exposure upon the developing nestling and assume that CORT levels are a reliable indicator of a nestling's internal response to variable environmental conditions (we use environmental conditions in the broadest sense). It is important to note, however, that the developmental conditions experienced may also manifest themselves through impaired growth, immune function, etc., all of which may be tied in some way to CORT secretion.
Modes of CORT Exposure
During development, young may be exposed to CORT that has been produced endogenously, maternally, or both. In birds, measurable levels of CORT have been found in egg yolk in a number of species. For example, Love et al. (2008) found that in European starlings Sturnus vulgaris, maternally-derived yolk CORT levels covaried with female condition and the environmental conditions to which she was exposed. Similarly, Saino et al. (2005) found that female barn swallows Hirundo rustica exposed to a potential predator while yolking eggs subsequently produced eggs with greater levels of CORT than females not so exposed. Similarly, Hayward and Wingfield (2004) used implants to manipulate CORT levels in Japanese quail Coturnix coturnix females during oogenesis (see below). While clearly in this and other instances yolk steroids have effects upon developing offspring, whether this is invariably the case comes into question given recent research on yolk steroids in turtle eggs. Paitz and Bowden (2008) describe a process whereby steroids are converted to a water-soluble form via sulfotransferase activity that reduces yolk steroid levels post-laying (see too Paitz and Bowden, 2009) . Whether this mechanism exists in birds and whether moving sulfonated steroids into the aqueous albumin of an egg serves as a mechanism to protect the developing embryo from, or facilitate the uptake of, steroids remains to be determined.
A second route whereby young might be exposed to CORT is through endogenous production by the developing adrenals. Whereas precocial young will experience a relatively stable environment throughout the majority of their developmental period (i. e., while within the egg), there is the potential for altricial nestlings to experience varied environmental conditions during the relatively prolonged period in the nest. In some cases, conditions post-hatching may lead to CORT secretion by the developing bird that, in turn, affects developing systems, including the CNS. In mammals, there is a brief period of time post-parturition during which the HPA axis is relatively unresponsive to stressful stimuli (termed the stress hyporesponsive period; Sapolsky and Meaney, 1986 ). This period is thought to provide a degree of protection to the developing animal, as CORT exposure during critical periods may impair a number of developmental processes (Kitaysky et al., 2003 ; for review see de Kloet et al., 1996) . There is some support for the existence of a stress hyporesponsive period in chickens (Gallus domesticus, Wise and Fry, 1973) and white-crowned sparrows (Zonotrichia leucophrys, Wada et al., 2007) ; however, this does not seem to be the case in wood ducks (Aix sponsa, DuRant et al., 2010) . The developmental hypothesis (Schwabl, 1999; Sims and Holberton, 2000; Blas et al., 2006) states that adrenocortical capacity to respond to a stressor should be correlated with developmental mode (altricial or precocial) and should develop in conjunction with the ability of the young bird to cope with and avoid stressors. Support for the developmental hypothesis has been found in several altricial avian species, including white storks (Ciconia ciconia, Blas et al., 2006) , northern mockingbirds (Mimus polyglottus, Sims and Holberton, 2000) , and Florida scrub-jays (Aphelocoma coerulescens, Rensel et al., 2010a) .
There are numerous conditions within the nest that could result in increased CORT secretion by a nestling. For example, aggression from or competition with a sibling (e.g., Vallarino et al., 2006) , presence of ectoparasites (e.g., Raouf et al., 2006) , or insufficient resources resulting in nutritional stress (e.g., Pravosudov and Kitaysky, 2006) can all lead to elevated CORT secretion. Interestingly, our laboratory group recently found a positive relationship between CORT levels of Florida scrub-jay nestlings and the time that their mothers spent far from the nest during the first few days post-hatching (Rensel et al., 2010b; see Fig. 1 ). The authors postulate that this may be a form of psychological stress that parallels the effect of neonatal maternal separation on HPA axis activity that has been observed in many mammalian models, including humans (for reviews see Meaney et al., 1996; Faturi et al., 2010 ). As will be described below, CORT elevations can potentially alter life-long physiology, behavior, and ultimately, fitness. 
Effects of Developmental CORT
Exposure on Physiology, Personality, and Cognition
It has long been known that because of their multiple permissive actions, glucocorticoids are essential for innumerable developmental processes (review in Sapolsky et al., 2000) . Attempting to separate the effects of developmental CORT exposure along the lines of physiology, personality, and cognition, not to mention fitness effects, may be somewhat artificial. For example, personality and cognition reflect central nervous system function, the study of which is a sub-discipline of physiology; however, we believe that separate consideration will facilitate orderly presentation. We also largely consider only short-term effects of CORT upon the above traits for several reasons. First and most importantly, developmental CORT exposure can have pro-found short-term effects but the vast majority of studies do not follow treated individuals into adulthood when long-term effects could be assessed. Second, many of the studies have been conducted in captivity on domestic fowl that have been selectively bred for various traits (primarily fast growth and meat production) and as such, they may be unrepresentative of birds on a larger scale. Additionally, whereas exposure to elevated CORT levels in response to stressful stimuli as an adult has been implicated in alterations in cognition (i. e., strengthening memory; for reviews see McEwen and Sapolsky, 1995; Pravosudov, 2005) , given that this review is limited to developmental effects, adult CORT exposure is not considered.
Short-term effects
Prenatal CORT exposure -Numerous studies, especially within the realm of poultry science, have examined short-term developmental impacts of CORT upon physiological systems via treatment of laying females or eggs. Generally, these have employed chicken eggs and have found CORT to impact survival and growth. One of the earliest studies that directly examined the effects of CORT upon embryonic development treated 3-day-old eggs of leghorn chickens by dipping them into ethanol solutions containing different doses of CORT (Mashaly, 1991) . Both embryo weight and survival decreased with increasing dosage. Heiblum et al. (2001) injected 7-day-old eggs from the same chicken strain with from zero to 20µg of cortisol and found similar dose-dependent effects on embryo mortality and, for those that survived, hatchling weights. In addition, those treated with the highest doses were characterized by slower growth as indicated by mass through the first 3 months post-hatch, they presume as a result of "direct inhibition of bone, muscle, and connective tissue." More recent research that examined the effects of CORT upon in vitro pituitary cells from 32-day-old male chickens suggests that the observed deficits in growth are mediated through alterations in somatotroph function as CORT treatment had profound effects upon both growth hormone (GH) mRNA and growth hormone-releasing hormone receptor (GHRH-R) mRNA (Porter et al., 2006) . This link between the HPA axis and pituitary somatotrophs (GH secreting cells) was further supported by in vivo research in which developing eggs injected with ACTH exhibited increased levels of CORT and a premature increase in pituitary somatotrophs (Jenkins et al., 2007) . Interestingly, and consistent with the seeming disconnect between decreased growth rates and increased numbers of GH cells, other aspects of the somatotropic axis were not upregulated as there were no effects upon plasma levels of GH or insulin-like growth factors (IGF-I or IGF-II), nor was there hepatic upregulation of IGF-I or IGF-II mRNA (Jenkins et al., 2007) .
Studies of another precocial gallinaceous species, the Japanese quail, have yielded similar results. Schmidt et al. (2009) used CORT implants in hens of two selected lines of quail, high and low stress (HS and LS), based upon their CORT response to restraint (see Satterlee and Johnson, 1988) , and found that the eggs of the HS line had greater rates of infertility and prehatch mortality (the former exhibited no development whereas the latter developed to some extent) than the eggs of both control and LS hens. Satterlee et al. (2008) used the same selected lines of quail and experimental protocol, to determine that in ovo CORT exposure resulted in developmental instability in female offspring from the HS line that were characterized by greater fluctuating asymmetry in two of the three measures considered. In findings that parallel those of the above noted chicken studies, Hayward and Wingfield (2004) found that the offspring of female quail given CORT implants during oogenesis grew more slowly than controls during their first week (see below for long-term effects considered by this study).
A few studies have examined the effects of CORT exposure on developmental processes in altricial species, primarily passerines, by elevating egg steroid levels. European starlings that hatched from steroid-injected eggs were characterized by dampened CORT responsiveness to handling stress at 15 days post-hatch, although there were no effects upon baseline CORT levels (Love and Williams, 2008a) . In a sister study, Love and Williams (2008b) found that male European starling nestlings from CORT-treated eggs were lighter at hatching and subsequently begged with higher intensity than controls. A related study with the same species found that fledglings from eggs that had been injected with CORT had more mature flight muscles, lower wing loading, and performed better in flight performance tests than control fledglings (Chin et al., 2009 ; see below for consideration of fitness benefits). Similarly, Saino et al. (2005) injected the eggs of barn swallows with CORT and found both a reduced likelihood of hatching and, for those that hatched, compromised growth. A similar protocol was employed in a study of yellow-legged gull Larus michahellis eggs in which no differences in hatching probability were found; however, when compared with controls, CORT treated eggs had: 1) a slightly longer incubation period; 2) increased mass loss during incubation (true for first and second, but not third laid eggs); 3) quieter and less frequent late-stage embryonic vocalizations; 4) nestlings with a reduced begging intensity; and 5) nestlings with lower T-cellmediated immunity (Rubolini et al., 2005) .
Some caveats regarding the process of manipulation of hormone levels as per the above studies. As Lipar et al. (1999) demonstrated, levels of steroid hormones are not necessarily evenly distributed across the layers of yolk. Although these authors did not examine CORT, they note that this variation across layers may result in exposure to different levels of steroid hormones during different stages of embryonic development. Ideally, injection sites into the yolk within a study would be held constant. Another potential issue in studies of this nature is assuring that dosages are realistic and within physiological rather than pharmacological ranges. However, seemingly few studies assess yolk CORT levels following treatment; however; given the potential problems with multiple injections of an egg this may be an unreasonable expectation. Regardless, and despite the differing means of delivering CORT to the developing young, the above studies make it clear that developmental CORT exposure can have profound effects and, further, that the degree to which CORT expresses its effects varies with the dosage used.
It also is important to consider that in those cases in which experimenters manipulate yolk CORT levels either by delivering exogenous CORT to the mother or stressing her during oogenesis that such treatment may have multiple effects upon the egg. For instance, Salvante and Williams (2003) found that compared to controls, CORT implanted female zebra finches had plasma levels that were lower in vitellogenin, an important yolk precursor, and higher in very low density lipoproteins (VLDL). Although they found no differences in egg composition, the suggestion that CORT treatment may alter the egg not just by adding CORT to the yolk makes attributing treatment effects upon offspring solely to CORT potentially problematic. Clearly, when interpretting findings from studies that have employed such methods one must take this into consideration.
Postnatal CORT exposure
A far greater number of researchers have examined the effects of developmental CORT exposure in nestlings, many by administration of exogenous CORT via injection, implant, or oral administration. In two related studies with house sparrows Passer domesticus, nestlings were given injections of CORT over a five or four day period (days 5-9 or 5-8 post hatch; Loiseau et al., 2008 a,b, respectively) . The former study found that CORT treatment resulted in increased begging but, interestingly, this did not result in the treated nestlings receiving increased food. The latter study revealed the likely reason for the above paradox as CORT treated nestlings exhibited a condition-dependent decrement in flange coloration (a soft part around the base of the bill of nestlings of many species that serves as a feeding signal or stimulus to the parents), a trait that also affected parental feeding rates. Further, the latter study also noted a negative effect of CORT treatment upon nestling mass gain; however, Loiseau et al. (2008a) noted no such effect. Additionally, both of these studies noted that CORT treated nestlings had weaker immune responses to a phytohemagglutinin (PHA) challenge than controls.
A pair of studies on zebra finches Taeniopygia guttata elevated nestlings' CORT levels via oral dosing twice per day between days 7 and 18 post hatch (Spencer and Verhulst, 2007; . While the focus of the former study was on long-term effects (see below), the researchers noted that CORT treatment significantly depressed growth rates, although compensatory growth during the 12 days after cessation of treatment negated the weight difference. The latter study found that during the period when treatment was ongoing (i. e., 11-13 days of age), CORT treated nestlings had a higher standard metabolic rate than controls. Wada and Breuner (2008) elevated CORT levels of nestling white-crowned sparrows using two methods: 1) feeding them CORT-injected wax moth Galleria mellonella larvae or 2) trans-dermal transfer with the use of a dermal patch (see Knapp and Moore, 1997) . The ingestion method was a one-time treatment that mimicked an acute stressor (CORT levels were transiently elevated approximately 4-fold above controls). Shortly following treatment, several measures of begging were assessed with little clear effect, although mid-stage nestlings (4-6 days of age) had a longer latency to beg. The dermal patch administration was designed to more closely mirror a sustained or chronic stressor in that it elevated CORT levels for a 24-48 h period. As noted for a number of studies referenced herein, 'chronic' CORT impaired several growth parameters (e. g., mass, tarsus, and wing length).
In a study of semi-altricial nestling Eurasian kestrels Falco tinnunculus, Müller et al. (2009) used biodegradable implants to increase CORT levels for two to three days midway through the nestling period. During the period in which CORT levels were elevated, treated nestlings ceased weight gain, and structural growth (e. g., primary feather, tarsus, and a skeletal wing estimate) lagged significantly when compared to controls. The researchers suggest that in contrast to the cessation of mass gain (controls continued to gain approximately 9 g /day), the continued, albeit slowed, structural growth reflects a reallocation or trade-off akin to that during food restriction in which structural growth is protected. In a study with findings that somewhat deviate from the norm, Kitaysky et al. (2003) implanted 14 day old black-legged kittiwake Rissa tridactyla chicks, a semi-precocial species, and found no effects on growth rates. Apparently, the increased begging rates and aggression in the CORT treated chicks and the resultant increase in food intake compensated for any direct negative effects of CORT treatment on growth.
Studies of the effects of endogenously produced CORT can be subdivided into two categories: those that manipulated nestling CORT levels either by altering parental care (often by 'handicapping' the parents when caring for young), the nutritional state of young, or both, and those that assessed naturally occurring CORT levels and how they might vary within a nest or with environmental conditions. While both techniques can be informative, each introduces confounding variables that can complicate interpretation of results. Often, those in the former category are specifically interested in the effects of food limitation either over the short-or long-term. For example, Saino et al. (2003) increased or decreased brood sizes of barn swallows by one nestling and found that nestlings from enlarged broods (in comparison with those from reduced broods) had lower immunoresponsiveness, weighed less, were in poorer body condition, and had higher baseline CORT levels. While all of the lowered condition measures of nestlings in enlarged broods might have been 'caused' by the relatively elevated CORT levels, one could just as well imagine that all of these measures, elevated CORT levels included, resulted from increased sibling competition for resources and the accompanying poorer nutrition of the brood. A study of nestling pied flycatchers Ficedula hypoleuca that was somewhat confounded by profound year-effects found no effects upon CORT levels as a result of feather clipping of both parents. Studies that directly restricted nutritional intake of nestling rhinocerous auklets Cerorhincha monocerata (Sears and Hatch, 2008) , red-legged kittiwakes Rissa brevirostris , and zebra finches (Honarmand et al., 2010) all found increased CORT levels and, not surprisingly, decreased growth. A field-based study of semi-precocial dovkie (or little auk; Alle alle) chicks of parents whose foraging and flight abilities had been compromised by wing clipping found that treatment chicks had higher CORT levels and lower peak and fledging masses than controls (Harding et al., 2009) .
A number of studies have examined the relationship between endogenous CORT and fledging, a behavior that generally requires a marked increase in locomotor activity (e. g., wing flapping and jumping). In large part, this specific area of study comes from research that has linked CORT levels with life history stage transitions, as well as irruptive movements in response to environmental perturbations, resource shortages, or both (for review see Wingfield and Kitaysky, 2002; Wada, 2008) . Many of the species in which this issue has been examined are characterized by a marked mass loss in the period leading up to their departure from the nest (i. e., species in which nestling growth 'overshoots' the mass of a typical adult). Because the parents, most of which cease or reduce feeding of young, are nutritionally stressing their offspring, we are still confronted with the above-noted potential confound of nutritional state covarying negatively with CORT levels. For example, white stork nestlings lost on average 21 g per day for the two and a half week period prior to fledging and, during this time, parental feeding rates decreased by two-fold . Nestlings were characterized by CORT levels that remained constant from approximately 22 days prior to fledging until approximately 12 days pre-fledging at which time levels began to rise to reach a 4 fold increase when last measured in nestlings between 4 and 1 day pre-fledge. Although there are study-to-study differences, nestling Leach's storm-petrels Oceanodroma leucorhoa (Kozlowski et al., 2010) , thin-billed prions Pachyptila belcheri (Quillfeldt et al., 2007) , and Laysan albatross Phoebastria immutabilis (Sprague and Breuner, 2010) all were characterized by mass loss and increased CORT levels pre-fledging. While separating mass loss and elevated CORT is difficult, Sprague and Breuner (2010) attempted to do so by providing food supplementation to a subset of albatross chicks. However, while supplemented chicks had a slowed mass loss, their rate of change of CORT was also dampened: as a result, attributing delayed fledging to either nutritional or endocrine state remains problematic. Conversely, chicks of another species, the king penguin Aptenodytes patagonicus that undergoes a marked mass loss, on average from ~13 kg to ~8.5 kg over the 16 day pre-fledging period, exhibited no changes in baseline CORT levels . While it can be debated as to whether the depar-ture to the sea from the breeding colony that this species undergoes is truly 'fledging,' it's worth noting that during the 'pre-fledging' period chicks also markedly increased their locomotor activity. Additionally, another study of penguin chicks (Magellanic penguin, Spheniscus magellanicus) found no pre-fledging increase in baseline CORT levels (Walker et al., 2005) . Belthoff and Dufty (1998) also present a model (and data) supporting a role for increased CORT levels in mediation of post-fledging dispersal behavior in western screechowls Otus kennicottii.
A study of free-living collared doves Streptopelia decaocto compared CORT levels and immune function of first versus second hatched brood-mates. Eraud et al. (2008) found that the second hatched nestlings, that are 1-2 days younger, were smaller, had higher levels of CORT, and weaker cell-mediated immune responses to a PHA challenge than their brood-mates. The recurring theme from these studies of short-term effects of CORT exposure is that there are numerous physiological deficits that can result. While these studies suggest that many short-term effects may have profound effects over the longer term, such conclusions should not be made without consideration of physiological phenomenon that allow 'repair' of compromised systems.
Long-term effects
While a number of studies have examined the long-term effects of yolk androgens upon offspring (see reviews in Gil, 2003; Groothuis et al., 2005; Groothuis and Schwabl, 2008; Navara and Mendonca, 2008) , far fewer researchers have assessed potential effects of yolk CORT levels. Perhaps this relative inattention is because the seminal study on the presence and effects of yolk steroids by Schwabl (1993) reported very low to undetectable CORT levels in canary Serinus canaria and zebra finch Taeniopygia guttata yolks. Again, with a nod to mammalian studies that have served as a forerunner (see above), avian researchers have only relatively recently begun to consider that differential CORT exposure in ovo or post-natally and resultant phenotypic effects may represent maternal phenotypic engineering of offspring (i. e., the maternal/fetal match hypothesis, see Breuner, 2008; Love and Williams, 2008a,b; Chin et al., 2009; and see below) .
Prenatal CORT exposure-Lay and Wilson (2002) used CORT dissolved in ethanol to dose chicken eggs at day 16 of their 21 day incubation period. Although nominally a 'long-term' effect, chicks that were stressed at 14 days-of-age had higher levels of baseline CORT than controls when tested 8 days later (i.e., at 22 day-of-age). Behavioral observations of these same individuals (cocks only) penned together at 21 weeks revealed what seemingly were CORT-induced differences in 'personality' as males from CORT-treated eggs were both more likely to be pecked and less likely to peck others than were controls. In one of the only studies that we were able to reach sexual maturity Hayward and Wingfield (2004) found that 8-week-old Japanese quail that had been exposed to CORT in ovo (deposited into yolk by implanted females) had higher plasma levels of CORT in response to capture and restraint than did controls. It's interesting to note that the nestlings of the CORT-implanted quail hens compensated for their early slow growth rate as at sexual maturity, weights of treatment and controls were equivalent (Hayward and Wingfield, 2004) . In this case, the short-term effect of in ovo CORT exposure did not persist over the long-term (see Fisher et al., 2006 for discussion of compensatory growth and its potential long-term effects).
Postnatal CORT exposure-A series of studies on captive zebra finches noted multiple effects of developmental CORT exposure on later physiology and behavior. Spencer et al. (2003) orally dosed nestlings with CORT from 5 to 30 days post-hatch. In addition to short-term decrements in growth, multiple aspects of song were compared between CORT-treated and control birds when they were adults of between 100 and 200 days of age. Although song rate was not affected by treatment, the songs of CORT-treated (as well as a food deprived group) birds were shorter, had fewer motifs and syllables, and reached lower peak frequencies than untreated birds. The authors concluded that their findings support the nutritional stress hypothesis (see Nowicki et al., 1998) . A second experiment with zebra finches orally dosed nestlings between the ages of 7-18 days and subsequently compared aspects of their personalities at two time periods (27-35 and 50-60 days of age) with those of untreated birds (Spencer and Verhulst, 2007) . The responses of birds to novel objects during both time periods showed that CORT treatment resulted in birds that were overall less neophobic than controls, although further analysis revealed a significant sex by treatment interaction with CORT-treated males driving the overall effect. The researchers also examined dominance behavior and competitive ability when the birds were approximately two months of age. CORT-treated birds were less able to compete for (occupy) the single perch provided in the test, although there were no effects of treatment on aggressive behaviors (Spencer and Verhulst, 2007) . In a more recent study utilizing zebra finches with a slightly modified treatment period (i. e., nestlings were fed CORT beginning at 12 days posthatch and continuing through to 28 days when nestlings reach nutritional independence), Spencer et al. (2009) found that when tested at 60 days of age those birds that had been CORT-treated had markedly greater HPA axis responsiveness than controls to a standardized stressor. There were, however, no differences in baseline CORT levels.
In addition to assessing short-term effects of CORT treatment in black-legged kittiwake chicks (see above), Kitaysky et al. (2003) heroically hand reared and maintained birds in captivity for training and a series of tests of cognition that lasted some 10 months. The researchers found that CORT exposure during development resulted in markedly compromised learning and spatial ability over the long-term, traits which could have profound negative effects upon fitness. The authors note that their protocol makes problematic the determination of whether the observed performance decrements were due to negative impacts of CORT upon motor skills, memory retention, or both.
A number of studies have, rather than using exogenous CORT, altered environmental factors to manipulate endogenous CORT levels. For example, in a companion study to the preceding kittiwake study Kitaysky et al. (2006) examined the relationships between diet, nestling CORT levels, and learning ability in captive, handreared red-legged kittiwakes. The researchers attempted to mimic dietary intake that chicks might experience under fluctuating environmental conditions in their natural habitat in the Pribilof Islands. For a three week period beginning at 15 days post-hatch, groups of chicks were fed diets that varied in lipid and energetic contents -diets were either 1) lipid-rich with 565 kilojoules (kJ) d -1 , 2) lipid-rich with 353 kJ d -1 , 3) lipid-poor with 565 kJ d -1 , or 4) lipid-poor with 273 kJ d -1 . During the treatment period, body mass generally tracked caloric intake with the notable exception that for the two isocaloric treatments, the lipid-rich group weighed more. Baseline CORT levels remained low for the high calorie lipid-rich treatment, was slightly elevated for the low calorie lipid-rich group, and markedly higher (approximately 10 fold greater) for both of the lipid-poor groups. Within approximately two weeks of cessation of diet restrictions, all groups had similar body masses and CORT levels. When tested at ~2 months post-hatch, cognitive ability (memory) decreased relative to the degree of nutritional stress experienced during development. As mentioned above, linking nutritional deficits and increases in CORT complicates interpretation as both can independently affect development and one can imagine potential synergistic ontogenetic effects. In a study that compared HPA axis responsiveness in individual zebra finches as nestlings and again as sexually mature adults of 3 months of age, found minimal evidence that nestling CORT levels predicted later levels (only maximum CORT levels of females were correlated). However, the researchers used a suite of traits to assign phenotypic quality and found that as nestlings, those females that became high quality adults, had been exposed to significantly lower CORT levels (total and free baseline and free integrated) than were low quality adult females (i. e., nestling CORT levels 'predicted' adult female quality).
Several studies have recently examined aspects of CORT and development in corvids, the family of birds to which crows, ravens, and jays, some of the most intelligent and social of birds, belong. Pravosudov and Kitaysky (2006) hand-reared western scrub-jay A. californica nestlings and fed one group to satiation and another at 65% of this amount beginning at 7 days-of-age continuing until ca. 30 days post-hatch. When sampled at 10 and 22 days after treatment began, nutritionally deprived jays had higher baseline CORT levels than ad lib. fed birds. At 12 months of age, while there were no differences in baseline CORT levels, jays that had been nutritionally deprived had more pronounced HPA axis responses to capture and restraint. Additionally, jays that had been nutritionally deprived were also characterized by significantly higher fluctuating asymmetry in three of the four morphometrics considered. Pravosudov et al. (2005) examined multiple aspects of cognition with a suite of tests beginning when the birds were 6.5 months old and found that the nutritional restriction resulted in decrements in spatial ability, associative learning, and memory. Further, when examined at 12 months the jays that had been nutritionally deprived as nestlings, when compared with ad libitum fed nestlings, also had smaller relative hippocampal volumes. A component of the limbic system, the hippocapus has long been known to be involved in spatial and other types of memory (for review see Sherry et al., 1992; Pravosudov, 2009) .
Recent work in our lab on the congeneric Florida scrub-jay found evidence of long-term effects of developmental CORT exposure upon the personality of an individual. Schoech et al. (2009) measured baseline CORT levels of day 11 nestlings and subsequently tested their degree of fearfulness at approximately 7 months. Fearfulness was a combined score from three tests that assessed latency to either return to take food following a 'startle' stimulus or to cross a barrier. Jays were trained to take peanuts, a favored food, from a pile and then a 3-cm high colored ring was placed around the peanuts requiring jays to cross this barrier to obtain further peanuts (i. e., a test of neophobia). Startle stimuli were employed as a jay was at the peanut pile. One was aural, a loud buzzer, and another visual, a twirling leaf amongst the peanuts. For all three tests the latencies exhibited a wide range, suggesting variability in fearfulness: birds that were the most fearful having had the highest baseline CORT levels as nestlings some 7 months earlier (Fig. 2) . Reprinted from General and Comparative Endocrinology, vol. 163, Schoech SJ, Rensel MA, Bridge ES, Boughton RK, Wilcoxen TE, 2009 . Environment, glucocorticoids, and the timing of reproduction, 201-207, with permission from Elsevier.
Fitness Effects of Developmental Corticosterone
Although the focus of this review is on developmental effects of CORT, we will present a very brief overview of hypothesized relationships between CORT secretion and fitness in adult birds before addressing the effects of developmental CORT exposure on fitness. The baseline CORT titer of an individual provides a starting point that may be useful in assessing the physiological state of that individual at different time points. Additionally, it may allow comparison among individuals within a population when sampling controls for time of day and seasonal effects. However, when dealing with free-living organisms one rarely knows the recent events that a given individual may have experienced in the recent past. For example, an individual that has just engaged in an agonistic encounter or just escaped a predation attempt would likely have elevated 'baseline' CORT levels that were unrelated to its health state. Such concerns are reflected by the literature on fitness and adult glucocorticoid baseline (Bonier et al., 2009) , as well as acute response levels , which both reveal a mixture of complex and often context-dependent relationships that vary markedly across species. Examination of the relationship between CORT levels and various direct and indirect measures of fitness have found: positive correlations (Beletsky et al., 1989; Kotrschal et al., 1998; Silverin, 1998; ; negative correlations (Hood et al., 1998; Kitaysky et al., 1999 Kitaysky et al., , 2001 Breuner and Hahn, 2003; Long and Holberton, 2004; Criscuolo et al., 2005; Angelier et al., 2007) ; or no correlation (Hegner and Wingfield, 1987; Eeva et al., 2005; Ellenberg et al., 2007) . Further complicating determination of a relationship between CORT and fitness measures are studies that have revealed baseline or stress-induced CORT levels can change throughout the course of a day (Breuner et al., 1999: Romero and Remage-Healey, 2000) , across seasons Romero and Remage-Healey, 2000) , and in response to numerous other social and environmental contexts (e. g., Myhre et al., 1981; Astheimer et al., 1992; Gwinner et al., 1992; Spencer et al., 2004) . The above noted differing relationships between CORT levels and fitness in adults may, in part, reflect these temporal and contextual differences.
The assumption that there is a single optimal strategy or corticosterone phenotype that maintains a stable adaptive payoff in response to the varied environmental challenges an organism is liable to experience is unrealistic. A range of individual responses to a stressor has been documented in birds (Littin and Cockrem, 2001; Cockrem and Silverin, 2002; Cockrem, 2005) . Unfortunately, these variations are often overlooked or may be obscured as a result of methodology. For example, CORT responses are habitually averaged across populations and presented as a mean response (Williams, 2008) . Similarly, limitations in access to a population or individual may result in sampling opportunities that are limited, and thus potentially biased, as well. Given the dynamic nature of the environment, measuring the CORT levels of an individual at a single time point seems wholly insufficient, but is often the only option.
These factors demonstrate the challenge of disentangling individual variation in CORT measures across time and space to account for phenotypic variation and multiple strategies to an environment in flux. Nevertheless, if we want to move past static measures, and snapshot population profiles, it is a challenge that is worth addressing.
Given the limitations outlined above, how do we begin to address such challenges? An argument can be made that developmental CORT exposure is an important predictor of an individual's survival and ultimate fitness (see above and see Blas et al., 2007) . Numerous studies have shown that CORT levels in young birds can mediate survival and various physiological measures that can have profound fitness ramifications (Heath, 1997; Ilmonen et al., 2003; Saino et al., 2005; Blas et al., 2007; Spencer and Verhulst, 2007; Loiseau et al., 2008a,b; Wada and Breuner, 2008) . Recently, considerable evidence from the avian literature suggests that the relative amount of CORT exposure during development can "program" an individual's personality type and that personality types are maintained in the population as they differentially facilitate physiological and behavioral responses to varied environmental challenges (Wilson et al., 1994; Wilson, 1998; Koolhaas et al., 1999; Cavigelli and McClintock, 2003; Korte et al., 2005; Blas et al., 2007) . For example, one can imagine a scenario in which predation pressures are high and during which individuals with a fearful (reactive or shy) personality might be more likely to survive than a bold individual. One way that such programming of personality could occur is through differential quality or quantity of parental care. As noted above, there is the potential for pronounced variation in nest environmental conditions experienced by altricial nestlings which can result in varied endogenous production of CORT. For example, Rensel et al. (2010b) found that CORT levels of Florida scrub-jay nestlings were positively correlated with the amount of time the mother spent at a distance of 30 m or more from the nest (see Fig. 1 ). This simple illustration of varied paternal care may be one mechanism by which adults establish the appropriate trajectory for HPA axis responsiveness in their young, thereby increasing survival during the most vulnerable early stages of life (Koolhaas et al., 1999; Wells, 2003; Zhang et al., 2006) .
Research on a non-avian oviparous species, the common lizard Lacerta vivipara, lends support for the complementary suggestion that maternal physiology can lead to differential adaptive phenotypes (Meylan and Clobert, 2005) . Female lizards exposed to experimentally elevated CORT levels during pregnancy produced offspring with decreased size, body condition, and growth trajectories. However, the juvenile survival rate (a direct measure of fitness; Lorenzon et al., 2001 ) of male offspring from CORT-treated females was significantly greater than offspring from control females. This suggests that the juvenile phenotype that results from exposure to elevated CORT during development may be adaptive under certain environmental conditions. Spencer and Verhulst (2007) found that elevated CORT levels during postnatal development significantly, and sex-specifically, affected neophobia and dominance in zebra finches. Similarly, the above noted study by Schoech et al. (2009) supports the correlation between developmental CORT exposure and fearfulness (see Fig. 2 ). These behavioral traits can easily be imagined to serve adaptively (or not) depending on specific, local environmental conditions. For example, neophobia may be a behavioral trait with minimal cost in years in which feeding conditions are good and familiar foods are abundant, but in years in which resources are poor, such a trait may make it less likely that an individual will take advantage of novel food items (Cockrem, 2005) . A growing number of studies in birds have documented links between early CORT exposure and personality (Hayward and Wingfield, 2004; Love and Williams, 2008b) , although studies verifying whether such personality traits result in increased or decreased fitness are lacking.
The persistence and consistency of physiological and behavioral phenotypes are an important consideration when assessing effects of early glucocorticoid exposure. For example, should one expect an individual's HPA axis responsiveness and personality to be consistent and persist throughout its lifetime? Given the dynamic nature of the environment experienced by virtually all free-living organisms, does it make sense for a long-lived organism to be parentally (or otherwise) 'programmed' to respond to future unknown and unforeseeable challenges in a fixed rather than a plastic fashion? Although such questions remain to be answered, it may be that the characteristics that are 'organized' by developmental CORT exposure are only relevant within a specific environment over the short-term. Although hypothetical, we offer a scenario using our study system, the Florida scrub-jay, wherein parental programming of offspring phenotype through developmental effects of CORT on personality could have profound fitness implications. As is generally the case across avian studies, conditions for rearing young are best relatively early in the season and decline over time (Ewald and Rowher, 1982; Price et al., 1988; Hochachka, 1990; Schoech, 1996) . This is generally a function of declining resource availability, although other factors, such as predation pressure can also come into play. Indeed, the likelihood of breeding success in Florida scrub-jays declines as the season progresses and a contributing factor to this is increased predation from diurnal predators, primarily snakes (Schaub et al., 1992; SJS unpb. data) . One result of this increase in herpetofauna is that nestlings that fledge later in the season have a higher likelihood of being depredated. One can imagine that as the season and predation dangers progress, that a 'fearful' fledgling that remains hidden and rarely ventures from thick cover would be more likely to survive beyond this highly perilous life-history stage. It may be that parental programming to facilitate survival for only this relatively brief period is selectively advantageous. However, because research to date suggests that these phenotypes are permanent (Koolhaas et al., 1999; Littin and Cockrem, 2001; Cockrem and Silverin, 2002; Cavigelli and McClintock, 2003; Kralj-Fiser et al., 2007; Schoech et al, 2009; Rensel and Schoech, 2011) , and if the above proposed scenario has merit, any early benefits must be counterbalanced by lesser or the absence of negative effects later in life.
Conclusions
It is clear that exposure to glucocorticoids during development can have effects that vary from profound to negligible. Although experimental manipulation of CORT exposure during development has proven essential in revealing these multiple effects, in our view the most exciting developments in this area of study are the epigenetic effects upon HPA axis function and how this may be associated with personality. Similarly, whereas studies of captive individuals and development of different lines (i. e., high and low stress responsive Japanese quail and zebra finch) have also revealed much, we encourage field studies that will allow evaluation of the persistence of phenotypes, as well as whether differing phenotypes are adaptive under varying environmental conditions.
